Pooling of samples is a cost-effective approach to estimate disease prevalence and to identify infected individuals. The objective of this study was to evaluate the use of serum pools for the detection of avian pneumovirus infection in turkey flocks by enzyme-linked immunosorbent assay, so that a minimum number of tests can be performed without compromising the sensitivity and specificity of the test. A total of 900 field samples were tested; 20 samples from each of 45 flocks. All samples were tested individually followed by pool testing in groups of 3, 4, 5, and 7 samples each. The number of positive pools for a given pool size was positively associated with the number of positive samples. In a separate experiment, the effect of dilution was examined by pooling 1 positive sample with different numbers of negative samples to form pools of sizes 2-7. These laboratory results were analyzed and integrated into a simulation model aimed at evaluating costefficient testing procedures. The probability of detecting an infected flock depended on prevalence of infection, size of serum pool, and the cutoff value used for optical density difference. At a theoretical prevalence of 20%, the probability of detecting an infected flock was 0.93 and 0.86 for a pool of 2 and 7, respectively. The probability of detecting positive flocks increased with increased prevalence and decreased cutoff. Pooling of samples represented a significant reduction in the cost of testing, suggesting that pooling is more advantageous and cost effective than testing individual samples.
Introduction
Avian pneumovirus (APV) is a major cause of upper respiratory tract infection in turkeys. Clinical signs of the disease may include coughing, nasal discharge, tracheal rales, and sinusitis and a transient drop in egg laying. 12 Only 2 states in the United States (Colorado and Minnesota) have experienced outbreaks of APV. 10, 14 Currently, the disease seems to be confined only to Minnesota. Since 1999, the average seroprevalence of APV at the flock level in Minnesota has been 36.3%, and the highest rates of seropositivity are seen in counties with highest concentration of turkeys. 11 The US isolates of APV belong to subgroup C whereas European APV isolates belong to subgroups A and B. 7, 8, [20] [21] [22] Thus, during the initial phase of APV outbreaks in the United States, APV antibodies were not detectable by an enzyme-linked immunosorbent assay (ELISA) based on reagents from European isolates. Later, an ELISA based on US isolates was developed to detect antibodies in the affected flocks. 6 This test is now being used for routine screening of turkeys in Minnesota. To monitor the infection status of a farm, 10 samples are usually obtained from each flock at the finisher stage and tested individually. To monitor the status of avian influenza virus (AIV) in Minnesota, 20 samples were obtained at the processing plant from each of the flocks and tested for AIV antibodies. Currently, to estimate the APV serostatus of a flock, 10 of the above 20 samples are tested. 11 If samples could be pooled without sacrificing accuracy of test results, it would be cost effective.
Pooling of sera for serological testing has previously been shown to be a cost-effective approach to reduce the cost of testing. 3, 4 The number of pools made should be such that the appropriate number of samples can be pooled without decreasing the sensitivity and specificity of the test. Pooling of human serum samples has been used successfully in a cost-effective manner for screening of samples for human immunodeficiency virus 1, 2, 15, 24 and hepatitis C. 9, 16, 23 In veterinary medicine, pooling of samples has been used for the diagnosis of trichinellosis in pig meat, 19 Salmonella enteritidis contamination of eggs, 13 bovine viral diarrhea virus in persistently infected animals, 17 and bovine leukemia virus. 18 The objective of this study was to identify, using laboratory procedures and simulation modeling, optimal pool sizes that can minimize the number of ELISA tests to accurately and cost efficiently monitor the flock-level seroprevalence of APV in turkeys. As part of an avian influenza (AI)-monitoring program, 20 se-rum samples are collected from each flock of turkeys grown and processed in Minnesota and tested for AI antibody. In the APV seroprevalence study reported earlier, 11 10 of these 20 samples, chosen at random, were tested. In this study, all 20 samples were tested individually and by pooling in various formats to determine whether pooling can be used as a cost-effective tool for studying the flock-level seroprevalence of APV.
Materials and methods
Serum samples. Samples from 45 flocks located throughout the state of Minnesota were collected as part of routine testing for AI antibody surveillance. A total of 900 samples were obtained, representing 20 samples from each of the 45 flocks.
ELISA procedure. A previously described ELISA was used. 6 Briefly, alternate rows of a 96-well ELISA plate a were coated at 4 C overnight with 100 l of viral antigen (initial concentration of virus ϭ 4 ϫ 10 6 TCID 50 /ml) and a negative control antigen (mock-infected Vero cells) diluted in carbonate-bicarbonate buffer at pH 9.6. Plates were washed 5 times (300 l wash and 30 sec soak) and blotted dry. Test sera were diluted 1:40 in dilution/blocking buffer b and added to the antigen-coated wells and control wells at 50 l/well. Known positive and negative control sera were included in each plate. After incubation at room temperature for 1 hr, plates were washed 5 times, and 1:1500 dilution of antiturkey immunoglobulin-G conjugated with horseradish peroxidase was added (50 l/well) and incubated for 1 hr at room temperature. After washing the plates 5 times and blotting them dry, substrate solution containing 0.05 M citrate phosphate buffer (pH 5.0), 0.04% (wt/vol) ortho-phenylenediamine, c and 0.04% H 2 O 2 (vol/vol) was added. Color development was stopped by adding 25 l of 2.5 M sulfuric acid per well. Results were expressed as optical density difference (ODD) calculated by subtracting the absorbance at 490 nm (A 490 ) of negative antigen well from that of APVcoated well. An ODD of 0.2 and above was considered as positive. This cutoff point is based on the observation that sera from noninfected birds do not have ODD values of more than 0.15 whereas those from infected birds do not have ODD values below 0.2. It has been used by many workers in the past. 5, 6 Pooling of samples. Initially, all 900 field samples were tested individually. Then, all 20 samples from each farm were mixed randomly (10 l of sample) in pools of 3, 4, 5, and 7 serum samples per pool resulting in 7, 5, 4, and 3 pools, respectively. When pools were made of 3 samples each, 1 of the pools contained only 2 samples. Similarly, when pools of 7 samples each were made, 1 pool contained only 6 samples.
In a separate laboratory study, to determine the effect of pooling on dilution of APV antibodies, positive samples (with ODD from 0.2 to 1.0) were mixed with 1, 2, 3, 4, 5, or 6 negative samples (ODD Ͻ 0.2) resulting in pools of sample size of 2-7 and then tested by ELISA.
Data analyses and simulation model. A simulation model using computer software d was developed to compare the cost and effectiveness of testing a set of 20 randomly selected samples using pools of various sizes, individual-sample testing, or testing of a subgroup of 4 through 10 samples out of the 20 to identify infected flocks. To establish the overall distribution of antibody titers for truly infected and noninfected birds, 438 samples from previous experimental studies were also examined. These samples included 294 samples from birds experimentally infected with APV and 144 samples from noninfected birds. The most appropriate statistical distributions that would reflect the distribution of antibody titers for groups of infected and noninfected birds were subsequently identified e and used in the simulation model to mimic sampling from infected flocks with various within-flock prevalences. Data from the pooling laboratory trials mentioned previously, examining the effect of dilution of a positive sample when combined with negative samples on the ODD of the pool, were modeled using simple linear regression. The pool ODD for a given range of positive samples (ODD from 0.2 to Ͼ1) combined with negative samples was predicted from pool sizes of 2-7 samples. This pool ODD was subsequently used in the simulation model to identify the pools that would have tested positive or negative on the basis of ELISA. Scenarios examined with the model included within-flock prevalence of APV from 5% to 20%, a cutoff for a positive ELISA test of 0.2, 0.15, or 0.1, and a test cost of $1.25 per test. For a given testing procedure evaluated, results were reported as the probability of detecting an APV-infected flock and the total cost.
Results
Of the 900 samples tested, 245 (27%) were negative (ODD Ͻ 0. A linear regression successfully modeled the dilution of ODD when a single positive sample was combined with negative samples in pools of various sizes (P-values for fitted line Ͻ0.05 and R 2 from 0.75 through 0.86 depending on the pool size) ( Fig. 1) . When 1 known positive sample (ODD of 0.6 or greater) was mixed with 1 through 6 known negative samples, the ODD of the pool was Ն0.2, regardless of the pool size used. Conversely, when the ODD of the positive sample was less than 0.6, the pool size affected the ODD such that the larger the pool size the greater the dilution of the sample and the ODD of the pool may become less than 0.2 (Fig. 1) .
The graphical representation of the distribution of antibody titers for the 438 samples from experimentally infected and noninfected birds revealed that noninfected birds have an ODD of less than 0.1 and the most likely ODD value for infected birds was between 0.2 and 0.3. This representation confirms that a cutoff of ODD ϭ 0.2 for individual-sample testing would minimize the number of truly negative birds classified as positive (false positive) and only a small proportion of truly infected birds would be classified as negative (false negative) (Fig. 2) . For the purpose of the simulation model, antibody titers for the truly infected and noninfected birds were assumed to follow a statistical distribution, InverseGauss (0.56251, 1.72057; Shift ϭ Ϫ0.13575) and Logistic (0.00014940, 0.015209), respectively.
Results of the simulation model ( Table 1) indicated that when prevalence within the flocks increased from 5% to 20%, the probability of detecting positive flocks increased from 0.501 to 0.967, depending on the pool size and cutoff ODD used. As expected, the lower the value of the cutoff to classify a pool as positive the greater the probability of detecting a positive flock. The highest probability of detecting a positive flock was achieved when pools of 2 samples per pool were used. Interestingly, the probability was found to decrease as larger pools were used (pool size from 3 to 5) followed by an increase when a pool size of 7 samples was used. Comparison between pooling of samples and testing a subgroup of 4, 6, 8, or 10 samples out of the 20 samples collected per flock showed that pooling was more effective in detecting infected flocks. For example, for a within-flock prevalence of 10%, the probability of detecting an infected flock was 0.693 using pools of size 7, compared with a probability of 0.592 when 10 out of the 20 samples are selected randomly and tested ( Table 2 ). For a given prevalence, the highest probability of detecting an infected flock cor-responded to individual testing of the 20 samples; however, it also corresponded to the highest cost ($25). Results also showed that the effectiveness of the testing procedures, pooling or individual-sample testing, increased as the within-flock prevalence increased.
Discussion
Results of this study obtained from a combination of laboratory procedures and simulation modeling suggest that pooling of samples to test for APV antibodies could be used successfully to identify APV-infected flocks. One of the major problems in pooling samples is the potential for dilution of positive samples within a pool and subsequent false-negative results. The ELISA evaluated in this study seemed to perform well using pooled samples as indicated by pool ODD values above the specified cutoff point of 0.2 for pools containing at least a single sample of ODD Ն 0.6, regardless of the pool size evaluated (Fig. 1) . In cases where a high individual-animal prevalence is expected, the possibility of having more than 1 positive sample within a pool increases, which in turn, decreases further the potential for a false-negative pool because of dilution. The good detection of infected flocks from the field samples using pooling, compared with indi-vidual-sample testing, was probably because of the combination of high proportion of positive samples (implying several positive samples per pool) and high-ODD values in individual positive samples.
At low prevalence, the likelihood of having very few positive samples within a pool, and therefore, potential for dilution below the ODD cutoff, increase. In situations, where low within-flock prevalence is expected, lowering the ODD cutoff to indicate a positive pool should be considered. The simulation model showed that there was a noticeable increase in the probability of detection when the cutoff was lowered from 0.2 to 0.1 at a 5% prevalence (0.695 vs. 0.808) but the increase was smaller at a 20% prevalence (0.933 vs. 0.967) ( Table 1 ). Lowering the cutoff value of ODD from the currently used ODD for individualsample testing (ODD ϭ 0.2) to an ODD of 0.1 in pooled samples seem to improve the overall effectiveness of the testing procedure; becoming comparable with testing all 20 samples individually at a prevalence of 20% but with much less cost and labor (0.95 vs. 0.969) ( Tables 1, 2) .
These results also suggest that pooling of samples for monitoring APV infection at the flock level can be advantageous and cost effective, compared with individual-sample testing of a random selection from the 20 field samples obtained as part of the monitoring system ( Table 2 ). An important consideration is that because of the limited information on the predicted ODD of a pool containing several positive samples of various ODDs, the probabilities of detecting an infected flock using pooling obtained from the simulation model represent a ''worst case'' scenario. This implies that the actual probabilities of detecting an infected flock using pooling are likely higher than the values reported here and closer to the probabilities of detection using individual-sample testing. Earlier studies have shown that cost of testing samples in pools increases with the prevalence if multistage pooling, or even simple pooling (a pool is tested and if positive, individual samples are tested), is done to identify an individual positive case. 17, 25 In case of monitoring for APV by routine testing of 20 samples, the goal is to identify the infection status at the flock level, therefore, with increased prevalence of infection, the probability of detecting a positive flock will also increase and vice versa with no change in the cost (Table 1) . For example, if the within-flock prevalence was 20% and a pool of 7 samples was used, the probability of detecting positive flocks was 0.858-0.95, depending on the cutoff ODD considered. This probability decreased considerably if prevalence was only 5% (0.564-0.711). In such cases, taking only 20 samples per flock of 10,000 birds or more may not be suffi-cient, and a larger number of samples may have to be taken from a flock.
The benefits in cost from using pooling can be easily seen in the reduction of the cost from $25 for a set of 20 samples per flock compared with $12.5 or $3.75 if pools of size 2 or 7 were used ( Table 2) . Another alternative to individual-sample testing that has been proposed to reduce the number of tests required for detection, and therefore, the cost of testing was to select a subset out of the 20 samples obtained from the monitoring system to be tested individually. Results from the simulation model indicated that even though the cost of testing using this procedure was lower than performing individual-sample testing in all 20 samples, the probability of detecting an infected flock decreased significantly (0.221 through 0.504 when 4 through 10 samples were selected), especially when prevalence was low (5%) ( Table 2 ). The decrease in the probability of detecting an infected flock, as explained above, is likely associated with an insufficient sample size to detect a low-prevalence infection. This restates the benefit of pooling, where fewer tests need to be performed, with the subsequent reduced cost, without having to reduce the effective number of samples tested.
An interesting finding from the simulation model was that the probability of detecting positive flocks was higher when pools of 2 or 7 samples were used than with other pool sizes ( Table 1 ). The high probability associated with pools of 2 samples was expected and can be explained by the lower chance of losing the positivity of a sample because of a dilution effect. Such effect of dilution has been reported earlier in cases of hepatitis C viral infection. 22 Contrary to what might be expected, using pools of 7 samples was associated with higher detection probability than with pools of 3-5 samples. This effect may be associated with a higher likelihood of having several positive samples in a larger pool and needing only a single sample with an ODD Ͼ 0.6 to produce positive pool test result. Results reported in this study can be used to make decisions about the most appropriate method for testing, considering the relative importance of the various factors involved, especially cost versus the efficacy of the monitoring system. 
